Much progress has been made in identifying specific factors that regulate angiogenesis. These molecules include polypeptides, proteins, lipids, nucleotides, and copper. An important challenge is to develop an understanding of how the tissue microenvironment and cell-to-cell interactions result in the production of angiogenic mediators necessary for neovascularization in vivo.
Angiogenesis or neovascularization define the process of forming new capillaries from preexisting blood vessels. Blood vessel formation during normal physiological processes, such as corpus luteum formation and wound healing, is highly regulated by a delicate balance between pro-and antiangiogenic factors. In contrast, uncontrolled blood vessel formation occurs in many pathological conditions where the presence of angiogenic factors exceeds angiogenic inhibitors. These conditions characterized by excessive angiogenesis include tumorigenesis, diabetic retinopathy, rheumatoid arthritis, and psoriasis. Neovascularization is initiated by the activation of quiescent endothelial cells by angiogenic factors produced by tumor or host inflammatory cells. After activation of the endothelial cells, angiogenesis ensues by a succession of overlapping events that includes 1) basement membrane proteolysis, 2) endothelial cell proliferation, 3) migration, and 4) alignment to form cord-like structures, followed by 5) vessel maturation or patency (reviewed in ref 1) .
Much progress has been made in identifying specific factors that regulate angiogenesis. These molecules include polypeptides, proteins, lipids, nucleotides, and copper. An important challenge is to develop an understanding of how the tissue microenvironment and cell-to-cell interactions result in the production of angiogenic mediators necessary for neovascularization in vivo. Several circulating cell types, including neutrophils, monocytes, macrophages, lymphocytes, and granulocytes, which are recruited to sites of tumor growth, chronic inflammation, or wounds, contribute to the angiogenic process. However, their specific roles in the neovascularization process are only partially understood.
In previous studies we have established that a population of connective tissue fibroblast-like cells exist in the circulating peripheral blood (2) . These cells, termed 'fibrocytes', were identified by their rapid and specific recruitment from the blood to subcutaneously (s.c.) implanted wound chambers in mice, where they proliferate. Fibrocytes purified from peripheral blood and grown in culture express vimentin and collagens I and III. However, these cells are molecularly distinct from fibroblasts exhibiting a unique profile of cell surface markers including CD34, CD45, CD80, CD86, and MHC class II (2, 3) . These cells do not express typical surface antigens present on dendritic cells (CD11a, CD25, CD10, CD38), macrophages (CD14, CD16), B cells (CD19), fibroblasts, or endothelial cells (von Willebrand factor) (2) . Past studies have revealed the unique cytokine and chemokine profile produced by fibrocytes (4) and demonstrated their ability to present antigen in vitro and in vivo (3, 5) . More recent studies show the critical interaction between the chemokine receptor CCR7, expressed on fibrocytes, with secondary lymphoid chemokine as a mechanism by which fibrocytes migrate to wound sites (35) .
Although circulating fibrocytes have been shown to migrate to early wound sites where angiogenesis occurs, the precise contribution of these cells to wound healing is not known. In the present report, we characterize the production of proangiogenic factors by isolated fibrocytes and reveal the potential for fibrocytes to induce an angiogenic phenotype in microvascular endothelial cells in vitro and promote angiogenesis in vivo. Fibrocytes produce and secrete active matrix metalloproteinase 9 (MMP-9; gelatinase B), which is implicated in the proteolysis of the basement membrane early during the invasion stage of angiogenesis. In addition, cultured fibrocytes constitutively secrete several growth factors (i.e., VEGF, bFGF, PDGF, and hematopoietic factors) that induce endothelial cell migration, proliferation, and/or alignment of endothelial cells into tubular-like structures in vitro. Last, we observed that cultured fibrocytes (and fibrocyte-conditioned media) promote angiogenesis in vivo using the Matrigel implant model. Taken together, these results suggest that fibrocytes comprise a population of cells that may play a functional role in angiogenesis.
MATERIALS AND METHODS

Cells/cell lines
Human dermal microvascular endothelial cells (HuMVEC) from adult donors were obtained from Clonetics (Walkersville, MD) and grown in endothelial growth medium-2 MV (complete endothelial cell growth media, or EGM-2; Clonetics). Cells obtained from passages 5-10 were used for in vitro experiments as indicated. These cells stained positive for acetylated low density lipoprotein uptake, von Willebrand's factor VIII, and CD34 and were negative for alpha smooth muscle actin (data not shown). Human umbilical vein endothelial cells (HuVEC) and NIH/3T3 fibroblast cells were obtained from American Type Culture Collection (ATCC, Manassas, VA). Human dermal fibroblasts were obtained from Clonetics and grown in fibroblast growth media as suggested by the manufacturer. Human fibrocytes were purified from peripheral blood as described (2) (3) (4) . Total PBMCs were first isolated from blood by centrifugation over FicollHypaque (Pharmacia, Uppsala, Sweden), following the manufacturer's protocol, and plated at 1 ϫ 10 7 cells/ml in Dulbecco's minimal essential media (DMEM) supplemented with 20% fetal calf serum (FCS; Hyclone, Logan, UT) and 1% penicillin/streptomycin/glutamine (DMEM 20%FCS, PSQ). After overnight culture, the nonadherent cells were removed by gentle aspiration and the cells were cultured for ϳ10 -12 days. Mouse fibrocytes were purified from the peripheral blood of BALB/c mice (female, retired breeders), as described (3) (4) . Mice were killed by CO 2 asphyxiation and bled by cardiac puncture. Mouse blood was mixed with PBS (1/5 volume); 4 ml blood was layered over 8 ml Ficoll-Hypaque and centrifuged at 400 g for 30 min at room temperature. The buffy coat was isolated, washed with PBS and spun at 500 g, then washed with PBS. Mouse fibrocytes were maintained in DMEM supplemented with 10% FCS, 10% mouse sera (Sigma, St. Louis, MO), and 1% P/S/Q for ϳ 2-3 wk. Typical yields were 0.8 -4 ϫ 10 4 cells/ml of mouse blood. Fibrocytes (mouse and human) were analyzed to be Ͼ95% pure by adherent, spindle-shaped morphology as well as by flow cytometry for CD34 and collagen I, as described previously (4) .
Antibodies, other reagents
Neutralizing antibodies to basic fibroblast growth factor (bFGF; AF233), vascular endothelial growth factor (VEGF; AF493), IL-8 (MAB209), MCSF (AF216), and GCSF (NA-214) were purchased from R&D Systems (Minneapolis, MN). The matrix metalloproteinase inhibitor, GM6001 (Ilomastat) was purchased from Chemicon International (Temecula, CA).
Preparation of conditioned media
Two-to 3-wk-old fibrocytes (80% confluent), mouse NIH/ 3T3 fibroblasts (80% confluent), or human dermal fibroblasts (80% confluent) were washed once with PBS and cultured for 48 h in either OptiMEM (Life Technologies, Grand Island, NY) or DMEM, as indicated. Fibrocyte-conditioned media (FcCM) was centrifuged at 5000 rpm for 10 min, filtered through 0.22 m filters, and stored at Ϫ80°C until use. Conditioned media was concentrated as indicated using Microcon 10 MWCO filters (Amicon, Beverly, MA).
Zymography gels
Gelatin zymography of FcCM (or control media) was performed to visualize the gelatinolytic activity (6) . Briefly, 20 l aliquots containing ϳ10 -20 g protein were electrophoresed using 10% SDS-PAGE gels copolymerized with gelatin (BioRad, Hercules, CA) at 60V (4°C). After electrophoresis, the gels were washed with 2.5% Triton X-100 to remove the SDS, then incubated in development buffer (50 mM Tris pH 8.0 alone or 50 mM Tris pH 8.0 containing 10 mM EDTA or 10 mM Ca 2ϩ ) overnight at 37°C. The lysed regions indicating gelatinase activity were visualized as clear bands after Coomassie blue staining/destaining.
RT-PCR
Total cellular RNA was isolated from human fibrocytes by a modified guanidinium isothiocyanate method (RNAzol, TelTest, Friendswood, TX). The cDNA was prepared from 1.0 g of RNA using 0.25 ng of oligo-(dT) [12] [13] [14] [15] [16] [17] [18] and MMLV reverse transcriptase following the manufacturer's protocol (Life Technologies). Two microliter aliquots of cDNA were amplified using Supermix (Life Technologies) by PCR in a Perkin Elmer model 9600 thermal cycler using specific primers and conditions as described previously: aFGF, bFGF, VEGF (7), ␤-actin, GADPH, IL-8, IL-1␤, GM-CSF, interferon ␥ (IFN-␥), tumor necrosis factor (TNF-␣) (8) , CTGF (9), HGF (10), IGF-1 (11), platelet-derived growth factor A (PDGF-A) (12), M-CSF (purchased from Clontech, Palo Alto, CA), and MMP-1, -2, -9, -14 (13) . Amplified fragments of expected sizes were analyzed using a 2% agarose gel and photographed over UV light.
MMP-9 Western blotting
Fibrocyte-conditioned media (or control media) was concentrated (fivefold) using a Microcon 10 concentrator and electrophoresed (10 g/lane) using a 12% SDS-PAGE gel under both reducing and nonreducing conditions. Proteins were Western blotted using an MMP-9 monoclonal antibody (Calbiochem, Cambridge, MA) according to the manufacturer's instructions, using detection by enhanced chemiluminescent methods (Amersham, Piscataway, NJ). Under nonreducing conditions, both the latent (92 kDa) and active (83 kDa) forms of MMP-9 are detected, whereas under reducing conditions only the latent form of the protein (92 kDa) is revealed.
Endothelial cell proliferation assay
HuMVEC (3-5ϫ10 3 /well; passages 5-10) were plated in 96-well plates in EGM-2 media. After 24 h, the medium was aspirated, replaced with EGM-2 (positive control), human FcCM (prepared by incubation of fibrocytes with DMEM 0.2% FCS for 24 h), or control media (DMEM 0.2% FCS) containing 0.5 Ci [
3 H]-thymidine/well, and incubated overnight (nϭ8 per condition). The cells were harvested onto GF-B filter plates (Packard, Downers Grove, IL) and [ 3 H]-thymidine incorporation was measured by ␤-liquid scintillation counting (Packard). For endothelial cell proliferation experiments to identify specific mitogenic factors present in FcCM, neutralizing antibodies (or isotype control antibodies) were included in the proliferation assay between 0.1 and 10 g/ml (according to the manufacturer's directions). The data were reported as the mean % change in proliferation Ϯ sd when compared with control media and the Student's t test was used to determine significance (PϽ0.05 was considered significant). Similar results were obtained using FcCM preparation obtained from cultured fibrocytes from more than six different donors.
Determination of cytokines and chemokines present in fibrocyte-conditioned media
ELISA kits for the quantification of the following factors were purchased from R&D Systems: angiogenin, bFGF, EGF, GMCSF, HGF, IL-1␤, IL-8, IL-12, IFN-␣, IFN-␥, VEGF, M-CSF, and substance P.
Endothelial cell migration assay
Endothelial cell migration was determined using the ChemoTX ® disposable chemotaxis 96-well microplates (Neuroprobe, Gaithersburg, MD) according to the manufacturer's instructions. Human FcCM (prepared in OptiMEM or DMEM and supplemented with 2%FCS), EGM-2, or basal endothelial cell media containing 2% FCS and 5 ng/ml VEGF (as a positive control) or OptiMEM supplemented with 2% FCS (as a negative control) was placed in the bottom chamber (29 l/well; nϭ6 per sample condition). The chemotaxis microplate was then fitted with a filter (8 pore size) bonded to a metal frame containing 96 -6.0 mm diameter test sites and 50 l containing 1-2 ϫ 10 4 human microvascular endothelial cells (p5-7; resuspended in OptiMEM 2% FCS) was pipetted onto each site. After overnight incubation, cells were wiped from the top filter and the plate was centrifuged at 500 g. The cells that migrated through the filter were fixed and stained using Diff-Quik reagents I and II (Baxter, Morton Grove, IL). Migrated cells were counted by microscopy [four or five random fields (400ϫ)/sample]. The data were reported as the mean Ϯ se and the Student's t test was used to determine significance (PϽ0.05 was considered significant). To identify the specific chemotactic agents present, FcCM (or control media) was preincubated specific neutralizing antibodies at 25 g/ml for 30 min before the addition of the endothelial cells. The experiment was repeated twice with similar results. In addition, the endothelial cell migration assays in response to FcCM were assessed using Costar transwell chambers (8 M; Costar Corp., Cambridge, MA) under similar conditions and according to the manufacturer's directions. Similar results were observed with four donors.
Endothelial cell morphogenesis assay
Approximately 2 ϫ 10 4 human microvascular endothelial cells (passages 4 -7) were resuspended in 0.4 ml EGM-2, human FcCM (prepared in Opti-MEM or DMEM) supplemented with 2% FCS or control media (OptiMEM 2% FCS or DMEM 2% FCS) and plated onto 4-well chamber slides (Nunc, Naperville, IL) precoated with Matrigel (0.3 ml/well; Collaborative Biomedical Products, Bedford, MA), as described previously (14, 15) . After 3.5 h at 37°C/5%CO 2 , the media was aspirated, the cells were fixed and stained with Diff-Quik reagents, and the slides were examined for endothelial cells alignment at 100ϫ using an Olympus microscope (Model BX60). Images were obtained using MetaMorph Software (West Chester, PA). Similar results were observed with four donors.
In vivo angiogenesis assay
In vivo angiogenesis was assayed by the growth of blood vessels from the s.c. tissue into a Matrigel implant (16, 17) containing cultured fibrocytes or concentrated FcCM. Animal protocols were approved by the North Shore University Hospital Institutional Animal Care and Use Committee. Mice (BALB/c, retired female breeders, nϭ5 per group) were injected along the abdominal midline into the s.c. tissue with 0.4 ml Matrigel containing heparin (60 U/ml) (Life Technologies) mixed with fibrocytes (3-5ϫ10 5 /mouse), NIH/3T3 fibroblast cells (as a negative control), FcCM (4 l; 20-fold concentrated), control medium (4 l; 20-fold concentrated), or NIH/3T3 fibroblast cell-conditioned media (4 ml; 20-fold concentrated). As positive and negative controls for angiogenesis, mice were injected with 0.4 ml Matrigel containing heparin (60 U/ml) and bovine aFGF (1.25 ng/ml; R&D, Abingdon, Oxon, UK) (positive control) or heparin alone (60 U/ml) (negative control, Life Technologies). The implanted gels were harvested 6 -7 days after injection. A small piece of the gel implant (100 g) was saved for quantitative hemoglobin (Hb) analysis using the Drabkin's kit (Sigma). The data are reported as the mean concentration of Hb (g/dl) Ϯ sd and the Student's t test (two-sample, equal variance) was used to determine significance. The remainder of the Matrigel implant was fixed with 10% buffered formalin, embedded in paraffin, sectioned at 3 m, and stained with Masson's Trichrome. To further assess vascularization, equivalent sections were stained using an anti-CD31 mAb (PharMingen, San Diego, CA) and analyzed as described previously (18) . Matrigel angiogenesis was photographed at 100ϫ using an Olympus BX60 microscope and MetaMorph imaging software; representative sections are shown. The experiment was repeated once with similar results.
RESULTS
Fibrocytes produce and secrete active MMP-9: RT-PCR, zymography, and Western blotting analysis of MMP-9
Previous studies have shown that metalloproteinasemediated proteolysis plays an important role in early tissue repair events (19) . In mouse wounds, MMP-9 is induced within 24 h after injury (20) and localized mainly to tissue fibroblast-like cells and the endothelium (21) . Based on these observations, we investigated whether fibrocytes express matrix metalloproteinases. RT-PCR analysis of human fibrocytes revealed the presence of MMP-9 (gelatinase B) mRNA (Fig. 1A) but not MMP-1, MMP-2 (gelatinase A), or MMP-14 (data not shown). Fibrocytes did not produce MMP-3 (active or latent stromelysin 1), as determined using a FITClabeled MMP-3 substrate (Chemicon International) or MMP-10 (active or latent stromelysin 2), as determined by Western blotting using an MMP-10 specific monoclonal antibody (Chemicon International) (data not shown). To demonstrate the presence of gelatinase proteins, conditioned media obtained from unstimulated human fibrocytes was analyzed by SDS-PAGE gelatin zymography. As shown in Fig. 1B (left panel) , gelatinolytic bands with an apparent molecular mass of 92 and 83 kDa were revealed, suggesting the presence of both latent and active forms of MMP-9, respectively. Incubation of the gelatin zymogram in EDTA prevented the appearance of these bands (Fig. 1B , middle panel) whereas incubation with calcium enhanced proteolysis of the gelatin, further suggesting the presence of MMP-9 (Fig. 1B, right panel) . In contrast, control media lacked gelatinase activity. For comparison, conditioned media from mouse fibrocytes also contained MMP-9 activity, whereas human monocytes/macrophages (prepared in the same manner) contained ϳ10-to 20-fold less MMP-9 activity (data not shown). The presence of MMP-9 was further confirmed by Western blotting using an MMP-9 mAb (Fig. 1C) .
Fibrocytes secrete factors that promote endothelial cell proliferation
Endothelial cell proliferation is a critical step in angiogenesis. Previous studies revealed that mouse fibrocytes secrete bFGF, a potent angiogenic factor (4). Therefore, we tested whether fibrocyte-conditioned media induced endothelial cell proliferation in vitro. Fibrocyte-conditioned media promoted microvascular endothelial cell proliferation by 35-40%, as determined by incorporation of [ 3 H]-thymidine ( Fig. 2A) . This increase in endothelial cell proliferation was confirmed by counting the cells after incubation with EGM-2 media, FcCM, or control media using a Coulter counter, as well as by a nonradioactive method for measuring cell proliferation using sulforhodamine (22)(data not shown). Similar proliferation results were obtained using HuVEC (data not shown). A striking observation was that serum-free human FcCM was as mitogenic for the endothelial cells as the commercially available EGM-2 containing FCS, VEGF, bFGF, aFGF, hydrocortisone, heparin, etc. The mitogenic effect of FcCM (and EGM-2) on endothelial cell proliferation was completely lost by boiling FcCM for 10 min before the assay, suggesting the presence of labile growth factors ( Fig. 2A) . Several preparations of FcCM from multiple donors exhibited similar mitogenic properties (data not shown). When we examined the effect of mouse FCCM on human endothelial cell proliferation (due to a lack of mouse primary endothelial cells), we found it was almost half as active as human FcCM despite species differences (data not shown). In addition, screening conditioned media (serum-free) obtained from several primary cell cultures, including human dermal fibroblasts and numerous tumor cell lines for endothelial cell mitogenic factors, revealed that these media were significantly less active than human FcCM (Ͻ20% change in proliferation; data not shown).
To identify the potential growth factors produced by fibrocytes mitogenic for endothelial cells, the fibrocytes and fibrocyte-conditioned media were screened for several known endothelial cell mitogenic factors by RT-PCR (mRNA) and ELISA (protein), respectively. As shown in Table 1 , human fibrocytes express and constitutively secrete several factors known to induce endothelial cell proliferation, including bFGF, GM-CSF, IGF-I, IL-1␤, IL-8, PDGF, and VEGF. We also characterized the expression of proangiogenic factors by mouse fibrocytes by ELISA and found that they secrete VEGF, GM-CSF, IL-1␤ (data not shown; bFGF and IL-8 were not tested). Because angiogenesis is the result of a balance of both pro-and antiangiogenic factors, we also screened fibrocytes and FcCM for representative wellknown inhibitors of endothelial cell proliferation (Table 2). Fibrocytes do not express IFN-␣ or IFN-␥, both of which have been shown to block the angiogenic effects of bFGF, PDGF, and MMP-9 (23-27). Nor do they express IL-12 or TSP-1, a potent macrophagederived antiangiogenic agent.
To identify the specific growth factors present in the human FcCM mitogenic for endothelial cells, we performed proliferation assays in the presence of neutralizing antibodies. Endothelial cell proliferation induced by FcCM was reduced by Ͼ35% in the presence of anti-bFGF antibodies (10 g/ml), Ͼ30% in the presence of VEGF antibodies (10 g/ml), and only 15% with G-CSF antibodies (10 g/ml) (see Fig. 2B ). Inclusion of all inhibitory antibodies (each at 10 g/ml) reduced FcCM-mediated endothelial cell proliferation to that of control media containing 2% serum, but no additional growth factors. In contrast, endothelial cell H-thymidine incorporation assays as described previously. Data are represented as % change in proliferation (Ϯsd) compared with proliferation in response to control media (nϭ8 per sample condition). The Student's t test was used to determine significance, *P Ͻ 0.01, **P Ͻ 0.001. B) FcCM-mediated endothelial cell proliferation was assessed by 3 H-thymidine incorporation in the presence or absence of isotype control antibodies, specific neutralizing antibodies (10 g/ ml), or all neutralizing antibodies (1 g/ml and 10 g/ml) and compared with endothelial cell proliferation in response to control media alone. Data are represented as the mean % change in proliferation (Ϯsd) compared with control media. The Student's t test was used to determine significance, *P Ͻ 0.05. a aFGF, acidic FGF; bFGF, basic FGF; CTGF, connective tissue growth factor; EGF, epidermal growth factor; GM-CSF, granulocytemacrophage colony stimulating factor; HGF, hepatocyte growth factor; IGF-1, insulin growth factor 1; M-CSF, macrophage colony stimulating factor; MMP-9, matrix metalloproteinase 9; PD-ECGF, platelet-derived endothelial cell growth factor; PDGF, platelet-derived growth factor; PIGF, placental growth factor; VEGF, vascular endothelial cell growth factor; nd ϭ not done.
b Reported in ref 4. proliferation induced by FcCM was not significantly inhibited by inclusion of isotype control antibodies, antiangiogenin antibodies, anti-IL-8 antibodies, anti-M-CSF antibodies, or the addition of a MMP inhibitor, GM6001 or Ilomastat, which inhibits the enzymatic activity of MMP-9, as well as MMP-1, -2, -3, and -8 (data not shown). The effect of commercially available media (EGM-2) on endothelial cell proliferation was significantly inhibited only by the inclusion of anti-bFGF (40%) or anti-VEGF antibodies (30%) when present at 10 g/ml (data not shown).
Fibrocytes secrete factors that promote endothelial cell migration
The identification of potent endothelial cell chemotactic factors and active MMP-9 in the conditioned media of fibrocytes prompted us to investigate whether the FcCM could also induce endothelial cell migration. As shown in Fig. 3 , we observed a two-to threefold increase in endothelial cell chemotaxis with FcCM prepared using Opti-MEM vs. control media alone (Opti-MEM). Similarly, endothelial cells migrated fourfold more in response to VEGF (5 ng/ml). The addition of neutralizing antibody to M-CSF (25 g/ml) inhibited FcCM-mediated chemotaxis whereas anti-IL-8, anti-VEGF, and anti-bFGF had no significant effect on endothelial cell migration (data not shown). The ability FcCM to promote endothelial cell migration was confirmed using 8 Costar transwell chambers. VEGF induced the migration of 65 Ϯ 6% of the endothelial cells to the bottom chamber, whereas FcCM promoted the migration of 46 Ϯ 4% endothelial cells compared with 12 Ϯ 5% migrated cells in the control media group. A similar induction of endothelial cell migration was observed using DMEM-based fibrocyte-conditioned media compared with DMEM alone (data not shown).
Fibrocytes secrete factors that enhance endothelial cell differentiation in vitro
Because fibrocyte-conditioned media was chemotactic for endothelial cells, we explored whether it could support the alignment of endothelial cells or the formation of lumen-like structures. As shown in Fig. 4 , microvascular endothelial cells when plated on Matrigel and incubated with FcCM aligned to form lumenlike structures and anastomosing tubes with multicentric junctions (Fig. 4B) vs. nonconditioned control media (Fig. 4C ). Similar endothelial cell morphogenesis occurred in response to incubation with DMEMbased fibrocyte-conditioned media vs. DMEM alone (data not shown). This capillary-like network of endothelial cells induced by FcCM appears to be weaker than that induced by EGM-2, commercially prepared endothelial cell media (Fig. 4A) . By contrast, no endothelial cell morphogenesis occurred after the incubation of endothelial cells plated on Matrigel with human fibroblast-conditioned media (data not shown).
Fibrocytes secrete factors that are angiogenic in vivo
Based on our observations that fibrocytes constitutively secrete factors that induce endothelial cell proliferation and migration and support tube formation, we next examined whether cultured fibrocytes or FcCM could promote angiogenesis in vivo. We used an experimental model of blood vessel formation in vivo. When combined with Matrigel containing heparin, mouse FcCM (Fig. 5C ) and mouse fibrocytes (Fig. 5E ) both induce neovascularization when implanted s.c. in mice. Similar neovascularization of Matrigel implants was /ml) , or FcCM ϩ anti-MCSF antibody (25 g/ml) in the bottom chambers. Chemotaxis assays (nϭ6 per sample) were performed as described in Materials and Methods. The number of cells that migrated was counted by microscopy and the data are presented as the average number of migrated cells per high-power field (HPF, 400ϫ). The data are presented as the mean Ϯ se and the Student's t test was used to determine significance, *P Ͻ 0.01. observed using FcCM prepared with Opti-MEM and DMEM (data not shown). Human FcCM also induced blood vessel formation within the Matrigel plug; however, the response was less than that of mouse FcCM, probably due to species differences (data not shown). On the other hand, the addition of control media (Fig.  5D) or NIH/3T3 fibroblast cells (Fig. 5F ) did not promote blood vessel formation within Matrigel implants. Vessel formation within the Matrigel plugs can be analyzed by measuring the Hb content using Drabkin's reagent. Hb content present within the Matrigel plugs containing FcCM or mouse fibrocytes is significantly greater than that implanted with conditioned media obtained from mouse NIH/3T3 fibroblasts (data not shown), nonconditioned control media (Opti-MEM or DMEM), or mouse NIH/3T3 cells (Fig. 5G) .
DISCUSSION
Normal wound repair requires angiogenesis that facilitates the removal of debris and prepares the wound bed for the development of a critical framework of granulation tissue necessary for wound closure. These newly formed blood vessels represent over 50% of the granulation tissue mass found in early wounds (reviewed in ref 28) . Although several mediators of wound healing have been identified, few studies have focused on the role of specific cell types that mediate blood vessel formation during early tissue repair.
Fibrocytes are a novel peripheral blood cell type that display a distinct cell surface phenotype and rapidly appear in wound sites (2) . More recent studies have demonstrated the interaction between CCR7 (expressed on fibrocytes) and SCL necessary for the trafficking of fibrocytes to the wound site (36) . Based on their presence in early wounds and their cytokine, chemokine, and growth factor profile (2, 4), we have examined the role of isolated fibrocytes in angiogenesis, a critical step in the wound healing process. Fibrocytes isolated from peripheral blood and cultured in vitro are able to promote all aspects of neovascularization including basement membrane dissolution, endothelial cell proliferation, migration, and tube formation in vitro and induce angiogenesis in vivo.
Angiogenesis within a wound bed occurs by formation of blood vessels from the existing vasculature made up of quiescent endothelial cells and a few pericytes. These cellular structures are surrounded by a stable basement membrane that physically separates the capillary from surrounding stromal tissue. In response to injury or other stimuli, angiogenesis ensues when endothelial cells dissociate from neighboring cells and migrate into the wounded tissue area to form new vessels. Therefore, proteolysis of the basement membrane is a critical component during the very early stages of angiogenesis. Several degradative enzymes have been implicated in this process. One family of enzymes, collectively known as matrix metalloproteinases, has been shown to be important mediators of angiogenesis and tissue remodelling. MMPs are secreted as latent proenzymes that are subsequently cleaved and activated extracellularly. MMP activity is also regulated by tissue inhibitors of matrix metalloproteinases or TIMPs. Although MMPs are not expressed by normal human skin, MMP-2 (gelatinase B) and MMP-9 (gelatinase A) are strongly induced within 24 h after wounding (19, 21) . In addition, MMP-9 has been shown to be the main MMP found in wound fluid, with peak activity between 2 and 4 days postwounding (21) . Consistent with these observations, we have found that fibrocytes, which home to cutaneous wound sites within 1-4 days (2, 36), constitutively express MMP-9 mRNA (Fig. 1A) and secrete high levels of active MMP-9 ( 1B, C). MMP-9 dissolves several extracellular matrix proteins including gelatin, collagens I, IV, V, XIV, as well as aggrecan, elastin, entactin, and vitronectin (29) . Although MMP-9 has not been shown to play a key role in basement membrane/collagen degradation in vivo, it has been proposed to initiate and promote angiogenesis. Therefore, fibrocytes might be an important source of active MMP-9 involved in angiogenesis in the very early phases of wound healing.
After the degradation of the basement membrane during angiogenesis, endothelial cells invade the stromal tissue and migrate to form a leading edge. We report that cultured fibrocytes secrete chemoattractants for endothelial cells (Fig. 3) . Surprisingly, only the addition of M-CSF antibodies inhibited FcCM-mediated endothelial cell migration. The levels of bFGF and VEGF present in FcCM (100 -300 pg/ml) are below the optimal level for inducing endothelial cell migration. Although M-CSF is not considered one of the prominent chemoattractant agents for endothelial cells, studies by Sigounas and co-workers have demonstrated the role of M-CSF and other hemopoietic growth factors on endothelial cell migration (30) . The biological role of hemopoietic growth factors and expression of their respective receptors on endothelial cells have not been examined thoroughly. However, endothelial cells do express several surface antigens in common with hemopoietic cells and respond to numerous hematopoietic growth factors including G-CSF, GM-CSF (31), IL-3 (32), and M-CSF (30) .
During neovascularization, as endothelial cells migrate away from preexisting blood vessels they begin to proliferate at the leading edge. We report that serumfree conditioned media collected from unstimulated cultured fibrocytes (FcCM) supports endothelial proliferation comparable to commercially available endothelial cell growth media containing serum and several mitogenic factors ( Fig. 2A) . Analysis of fibrocytes (mRNA) and fibrocyte culture supernatants (protein) revealed the presence of numerous proangiogenic factors including bFGF, VEGF, GM-CSF, IL-1, IL-8, and M-CSF (Table 1) . Based on these findings, we performed in vitro endothelial cell proliferation assays using specific neutralizing antibodies and found that bFGF, G-CSF, and VEGF were the most active mitogenic factors present in the FcCM. IL-8, a mitogenic factor for endothelial cells, is present at very high concentrations (Ͼ50 ng/ml) in the FcCM. However, neutralizing antibodies to IL-8 did not inhibit FcCM-mediated proliferation. These data are consistent with previous studies showing that IL-8 is a potent angiogenic factor only in vivo, because cultured endothelial cells do not express the IL-8 receptor (33) . Serum-free FcCM induces lumen formation by endothelial cells when plated on Matrigel. Fibrocytes produce bFGF, the main factor found to mediate endothelial cell morphogenesis on Matrigel (34), as well as VEGF and IL-8, minor morphogenic mediators (34) . Because angiogenesis is the result of a balance between pro-and antiangiogenic factors, we also examined fibrocytes for antiangiogenic factors. We found that fibrocytes did not produce any of the antiangiogenic factors analyzed, including TSP-1, IFN-␣, IFN-␥, TNF-␣, and IL-12. Finally, we observed that FcCM could support endothelial cell tube formation in vitro. We speculate that the production of collagens I, III, VEGF, and angiogenin by cultured fibrocytes mediates this effect. Angiogenesis is a multistep process requiring the coordinated activity of many different cell types. Several circulating cells have been postulated to be proangiogenic. Many studies have revealed the role of activated macrophages in inflammatory and tumor-associated angiogenesis (reviewed in ref 35) . Activated macrophages are able to promote all phases of angiogenesis in vitro, but attempts to identify pro-vs. nonangiogenic macrophage subtypes have been unsuccessful. Macrophages secrete a tissue-type plasminogen activator and urokinase-type plasminogen activator that degrade the basement membrane. They secrete MMP-9 in the latent form whereas fibrocytes secrete significantly more latent and active MMP-9 (data not shown). Similar to fibrocytes, macrophages secrete many proangiogenic factors (bFGF, TGF␣, GM-CSF, IL-8, VEGF, substance P, IGF-1, and PDGF). However, macrophages also secrete several antiangiogenic agents not produced by fibrocytes, including IFN-␣, IFN-␥, TSP-1, TNF-␣, and IL-6.
Fibrocytes produce factors that support every aspect of angiogenesis: proteolysis of the basement membrane, endothelial cell migration, proliferation, and vessel formation in vitro. Therefore, we evaluated whether isolated fibrocytes or fibrocyte-conditioned media would promote angiogenesis in vivo. FcCM and fibrocytes produced a brisk neovasculararization response when we used the Matrigel implant experimental model (Fig. 5) . The levels of many angiogenic factors produced by fibrocytes are relatively low. However, because angiogenesis in vivo is a complex process requiring multiple factors, it is difficult to assess the contribution of the individual factors produced by fibrocytes to the overall process of angiogenesis. Many of these factors act additively or synergistically to promote neovascularization, further complicating analysis of the contribution of specific factors to blood vessel formation. Because of the appearance of fibrocytes within the wound and their proposed role in tissue repair, it would be of interest to examine the role of fibrocytes in wound healing in normal and diabetic animals where wound healing is compromised, specifically at the step of blood vessel formation.
We propose that fibrocytes play a role in blood vessel formation during the early stages of wound healing based on their early presence within injured tissue and the ability of cultured fibrocytes to promote an angiogenic phenotype in cultured endothelial cells and support neovascularization in vivo. Further characterization of cultured fibrocytes with angiogenic potential provides a unique approach to examine the direct role of fibrocytes in neovascularization during wound healing. Future studies will examine the role of fibrocytes on angiogenesis during disease processes where aberrant blood vessel formation exacerbates the disease pathogenesis, such as tumor growth, rheumatoid arthritis, and psoriasis.
